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Abstract - ~a Bayesian  method was adopted to conl-
hine the illstantaueous measurements of the ‘lkopical
Raiufall  Illeasuring  ILIission (TRMN1)’s  raclar ancl ra-
diometer  ([4] ). The method makes mult  iplc cst i mates
of the raimrate profile using the radar rdlecti}rities  ~as
sulniug  l’arious plausible values for the drop sim dis-
tributiorl  (IXD)  shaIm parameters, then  selects those
lJaranleter  values which produce estimates that, arc
most consistent with the passive obscrvatious.  ‘1’hc
resulting estimates are expressed directly in terms of
t}m 1)S1> parameters, thus allowing one to calculate
any raiu-relatecl  quantity, such as rain rate profile,
preci I~itating liquid water profile, etc. l’llc  Bayesiau
apl)roach  also allows one to calculate the “error bar”
associated }vith each estimate.

MA1’HEMATICAL  APPROACI1

Combining the simultaneous mcasurcmelks  of a nli-
crowave radar atlcl a passive radiometer c)bservitlg the
same event can help resolve the amt~iguities inherent
in sitlglc>-itlstrtlr~lellt  attempts at rain retrieval: in-
deed, the fine resolution of tlw raclar nlcCasurenlents
s11ouI(I compensate for the ccmrcspondillg  ambiguity
in the radiometer nwasurcments  (e.g. iu cletcctin: ttle
frcmiug  le~wl), while the robustness of tile raclionle-
ter measuremelits  should reduce  the error whicli the
raclar can make when estimating itltcgrated  quanti-
ties (errors that are clue mostly to the significant cle-
pendellcc  of the radar backscattcr on the ullkno\vl]
llyclro~uctcor  size).

\\’c clmse a Bayesiau  approach to implelncmt  such a
comhi ned algorit  htn in the case of ‘1’RMhl,  t lie 1 }oJ)-
ical Raiufall  Nle<muriug NIission ([5]). ‘1’lw ad~rantagc
of such au approach is that it gives as much in~por-
tanm to the ~neasurements  of the raclar and of tile ra-
clionlcter  as their resI)ective  intrinsic alnbiguities  wm-
rant, \vllile avoidiug all ad hc)c shortcuts that, might
iutroduce  large biases in the rain estimates.

Startiug w-ith the idea acl~”ocated soule time  ago by
J. l~cintna[l  ([7]) and H. Kumagai  ([3]) of estinlat-
in: tl[e “high resolution” rai[l profile using the slJa-
tially detailed radar reficctivities,  Ivllilc  Constrai[ling

this cstiulatioll  to Lo consistent ~ritll the (inclepen-
dcnt)  estimate of the total attenuation clcrivecl from
the J~:tssi\rely-lllcilsLlred  brightness temperatures, wc
adopt a tw~step proceclure: first, since the radar-rain
relations depcmd mostly o~l the drop size clistrihutiou
(11S1)) ~jara~lleters E, \ve use the radar refkctivities
z(h) to perforlll  a raclar-only  rain-J~rofilc e s t i m a t e
Itfi(h) as a function of height  h, for e~w-y possible
set of values of tllc 1)S1.)  parameters 1~. ‘~he sccoud
stcl) consists of deriving from each radar-only profile
R1j (/L) aud from the radar-est imatd freezing lwel

}L~Cc  tile mpected brightness tenl~)erat  urc l; (J!5,  hk.. )
at the viarious nlicrowa~’e  frequencies re~)rcscnted  by
the index i =: 1, . . . . 11. ‘~hc next two sections de-
scribe lIOIV  these twm steps are irnpkmmnted  individ-
ually. ‘1’0 combine the results of these steps, \ve try to
cletcrluiILc  tile probability that tllc rain rates at alti-
tudes  hl, ~. ,hN  are }/1, . . ., R*, given the measured
radar reflect ivities Z(h)  and brightness tenlperatures
z:

~(~{l,.  ,~/,v,~5]~ (/1),  ~~,.., T~[) (1)

=: T(71,,7~f  [~{l,.,~zh,{;,z(}t))

~ P(R1,.., RAr,  fi I z(h))

.P(z,..,7kf( z(/L))-1

‘1’he  last term is a collstaut  C as far as our unkno~vm
Rl, ... l<N, b are conccrllcd. Applying Baycs’s rule
again to tile middle term WC obtain

P(R1, ., I/,,, ij]z(/l), Tl. . . ..z.f) (q

,- T(z,, zl, l]<l,,~{,v,~j,zo~))

.P(RI,. .,R.Y  I fi, qh)). ~(~j I ~t~L))” ~.

wit 11 C that colwtallt  ~vllich maims the iutegral  of the
rigtt-hancl-side  \vittl respect to 1{1,. . . . RN. D wual
to 1. If \ve had explicit expressio!ls  for the terms in
the rig}lt-hand-side  of (2), all fve ~roulcl need to do to
obtain optimal estimates 1}1 of tile rain rates at the
various attitudes h, given the combined  data \voLlld be
to m’aluatc tllc lllean of R,.  tYe shall \vrite  do~rn  such
explicit exl)rcssiotls in tile next  t~vo sectiorls,  then re-
turn to (2) to derive the correspoldiug estimate of
the rain rate.
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of p.
‘1’he firs~ ~’ersion of the ‘1’RNINJ  conlbincd algorithm
ig[lores  tllc llighcr  p.lssive frequencies, and USt2S for III this fashion, each p hct}vec;l O ancl 1 cfctermincs  the

the 10.7 GHz briglttncss  tcrnmrat ure t he forward Inch]
“lwst-fit” paratncters colll~)letely, alici t he  p produc-

}vherc crRf~ is tile attenuation coefficient in cl13/knl
corresponding to a rain-rate of R nlnl/hr (both  of
whose factors @ and @ clepcricf on tile DSD paranle-
tcrs), cr’ =- c~, and 2A, To ancl c arc regression cocffi-
cicuts  obtainecl  from careful forward simulations ([6])
comparing the integrated attenuatiml at 14 GEIz (the
‘1’I{hINf  raclar frequency) with the 10.7 GHz radiance
within the same field of vim. l’he  intqgral  in the
exponential “is taken over tl~e entire  rai[l colulna.

By analogy with the low-frequency case, we pos-
tulate the following empirical forln fc)r the brightness
temperature at an arbitrary microwave freclurmcy  f:

~ ~–pa’(rj)f W(h)dh.— (’1)

w’here the coefficients Ih, lb, T, 0’ allcl p !nu.st be dc-
terminecf for the given hancl, freuing level ancl clrop
size distribution, ancl where R’(h) is no lorlger  tllc
rain rate itself but, rather an acl-hoc “attcmuat,ecl” ver-
sion ), ~

I{’(h) = ~/(}L)~- YJ J-},
n(h’)fih’

(5)

In (5), ht clcnotcs the top of the stc)rm, and ~f is a
cocff icient  to bc cfctcxrninccl.  ‘1’0 cleterlnine  values for
tll(! ~oef[icients ~f, ~’A, ~o, ~, d and ~ aIJl)ropriat(!
for a given freclucmcy  j, simulations w“itl~ a given ij
ancl hl~e arc USCCI to produce pairs (1}, j R’), \vllere
R’ is computed with several trial values of ~ > 0:
since the ~)rotjlenl  of estimating the lralucs of the 5
r~mait)itlg parameters (~’A, y~, ~, &, ~) ttlat k!st fit
the silnulatecl  clata is cluitc cliff lcult,, \ve simplify it I)y
not in: that

●

●

●

7 ~ can hc a~)proxinlatcd  by the average riadi-
ance Tvhen J 1? m O,

1)~ call be approxi[nated  by t}lc apl~arwnt  as~~lnI~-
totic raciiance when f R’ + co,

and if ~~,~ denotes  the mmimuln  r a d i a n ce ill
the given population and R,,, t Ile correspo~lcl-
ing value of ~ R’, thcm T, 0’ ancl p Il]ust s:atisfy

illg tile smallest overall resiclual  r.m. s. error  bet~vcen
(4) a[d the simulated radiances is retail,ed.  The  in-
dividual  r.m.s.  uncertainty o(T) as a function of the
Lrig]lt ness tempcrat ure is recorded for future use.

I;ig. 1 SIIOWX  an exan]l)lc of sill, ulatccl data at 36.6
GIIz ~vith a 4-knl freczillg level, together v’ith the fit
tlmt  ua.s acllicxrec] using tllc approach al)c)ve. ~’his
case wws clloscn s~mcifically because it wm.s theoreti-
cally alllollg the Inc)st difficult tc) treat (Y~.1 < To <

2hL)

RAI)AR  LIOI)I;I.

III [1], ww clcscribccf  a baycsian  apI]roach  to estimate,
givml J) allcl Z(IL), the mean rain Prc)file I{{j(h) (given
tlm ~loise i[i ~(~L) allcl gilren ot~ler’  unknowrn  f a c t o r s
affecting ttle accuracy of the moclel).  In fact, the ex-
tended Kaltnat  I filter which was usccl also procluces all
al)j}roxinlatioll  c)f the variance 6(R)2 of its estimates.

~’here remains to define tllc 1)S1)  parameters ~j.
III [2], WC’ c]efinecl “norlnalizecl”  versions D“ ancl S“

of tlic Iaass-lveigllted  mean clrop cliameter  ancl of the
relat  itrc drc)r}  diameter l’ariance, “llonnalizcd”  in the
selm tlmt tile ~lle~lrl-clrol~ -cli~lllleter’s  ancl rclati\re-clro~)-
clianlct er-variance’s  empirically obsem’ecf correlations
witli tile raimrate IL’ and with  orie another were fac-
torecl out to ~)rc)cl(lce mutually u[lcc)rrelatcxl  paranlc-
ters.  ‘1’llus the 1)S1) was assu(nml to Ilalw the shape
of a I’-distribution  \vitll parameters specified by 13 =-
(1{, 1)”, s“). ‘1’he  first version of ttw ‘1’I{klA1  combinecl
alg,orit~lnl  clo~,s illc]eed Llse t hese  ~)aranlcters. llley
are, lmwmwr,  LIUS~t  isfactory, for t Ilc [[lain reason that
tile I’-distrit)utioll  nmc]el scldc)[n fits ~neasurcc]  r)sr)
salli~)lm  very \vcll. ‘1’0 relnedy  tllilt  prol)le~il,  a n d
snort  of using tllc I)innccl dro~) dialt~cters tlte~nselves
as lmralneters  (of ~vhictl tllcre  ~vo~lld thc[l [W far too
nlany),  Ivc }mve c~losen to ap~)ly ttle liarllLl[lcI1-Loiiv[i
decomljositioll  to the ~wriat)lm Ill. . . . . lJM represen-
ilg the ~lunlt~er of clrops \vllose clialneters  lie in tlventy
contiguous illter~rals  covering tllc positive real  nLlnI-

bers (l~~o is c)lwmcndccl),  and retaining the 3 eigen-
warial)lcs \vitll tllc largest variance. \vllile setting the
vallles of  tile Iclnainin: 1 7  cig,cnl’ariahlcs  cclual tc)
their salllple  Illca[l  (lvllicll is justified since tlwy  vary
tnucll lCSS significa]ltly  from rm sal!l~)le to DSD sa!n-
l)le than the first 3). A dctailecl clescril)tion of this
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Let L15  Ivrite g!; for the O-mean Gaussitan  density func-
tion ~vith variance X2. Retur~ling to (2), wc need to
calulate the mea[l of that function in order to obtain
our optimal estimate R, of the rain rate at altitude
h,. Using the results of the prel’ious ttvo sections, this
can be approximately acconlplislled  hy ttw integral

Similarly. the m.s. uncertainty 2? in this estimate catl
be approximated by

In (8) MI(I (9), ww have replaced P(filZ) by ““P(fi)”
to simplify the notation. In practice, the radar reftec-
tivities clo allow one to discriminate bet~vecn  strati-
form and convective rain, and the a priori clistribution
of D is choserl accordingly (see [2] for tile case of the
I’-distribution  model).

‘lhis  \vork was perfor~ned at the ,Jet Propulsion I,abo-
ratory,  California Institute of ‘~echnolo:y,  uncler coll-
tracL ~vith the National .Aeronautics  and Space Ad-
ministration.
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